In this study, highly reliable amorphous oxide semiconductor-based thin-film transistors (TFTs) were developed. The Hf concentration was systematically changed in the Hf-incorporated In-Zn-O (HIZO) TFTs, and Hf played an important role in determining the negative bias-illumination instability. The process parameters were optimized in order to obtain HIZO TFTs with an excellent stability. HIZO can be processed on a 6-in. wafer at low temperatures and is almost transparent in the visible range. Thus this material is promising for use in current TFTs as well as future transparent electronic device components with good electrical performance and excellent stability. #
Introduction
Thin-film transistors (TFTs) are widely used for many technological applications, such as displays and light emitting diodes. 1, 2) Recently, transparent oxide semiconductors have attracted much interest as channel materials in TFTs because of their large-scale, low-cost fabrication at low temperatures. [3] [4] [5] [6] [7] ZnO is one of the most widely studied transparent oxide semiconductors and has many advantages over conventional amorphous/polycrystalline silicon, for example, its mobility and low processing temperatures. 2, 5, 8) However, ZnO TFTs have exhibited some issues, such as their poor reliability with respect to electrical properties and their instability under ambient conditions. 8) To overcome these problems, (In, Ga)-incorporated amorphous ZnO (a-IGZO) TFTs that have good electrical properties suitable for use in many technological applications have been developed. 4) Throughout the recent active research on amorphous oxide semiconductors (AOS), AOS TFTs have exhibited excellent electrical properties for possible applications, such as active-matrix liquid crystal displays and active-matrix organic light emitting diodes (OLEDs). 4, 9, 10) However, the stability is still a major issue that must be resolved in AOS materials. 7, [11] [12] [13] AOS TFTs are usually subjected to an electrical bias stress as well as illumination from the backlight unit. 13) Therefore, some researches have attempted to improve the device stability under the electrical bias stress and/or illumination conditions. There have been some reports showing that Hf-InZn-O (HIZO) can be used to improve the stability, [11] [12] [13] but the studies were limited to either an electrical bias stress or a single composition of HIZO. Quite recently, Kwon et al. reported the dependence of the negative bias-illumination instability of HIZO on the In/Zn composition with fixed Hf content. 14) In this study, the effects of the Hf-doping concentration on the stability of the HIZO TFT were systematically investigated. The composition was carefully controlled, and accelerated stability measurements were taken. The Hf content greatly affected the overall device performance as well as the stability. This work provided a guideline for fabricating highly stable AOS TFTs with high performance. Additionally, the active layer (HIZO) that was used in this study was almost transparent in the visible range and can be processed at a low temperature. Thus, HIZO can readily be adopted in the fabrication of highly stable transparent electronic devices in the near future.
Experimental Procedure
The bottom-gate and top-contact structured HIZO TFTs were fabricated on glass substrates (6-in. diameter, Corning Eagle 2000). A 200-nm-thick Mo layer was deposited through sputtering and patterned to form the gate electrodes. The gate insulator was composed of SiN x (400 nm thick) and SiO x (50 nm thick), which were deposited by plasmaenhanced chemical vapor deposition (PECVD). The radiofrequency (rf ) power was 60 W and the substrate temperature was 300 C. For SiN x N 2 , SiH 4 , and NH 3 gases (flow ratio, 300 : 1216 : 20 sccm, respectively) and for SiO x N 2 , SiH 4 , and N 2 O gases (flow ratio, 240 : 160 : 1420 sccm) were used. The active layer was deposited through sputtering at room temperature with various Hf compositions. The HIZO films were deposited through dc magnetron sputtering at room temperature using a mixed HfO 2 -In 2 O 3 -ZnO sputtering target. The detailed compositions of the targets and the thin films are shown in Table I . The composition was analyzed by inductively coupled plasma-mass spectrometry (ICP-MS). The initial chamber pressure was lower than 1 Â 10 À7 Torr, and the working pressure was 5 mTorr during the sputtering. The sputtering gas was a mixture of Ar and O 2 (flow ratio of 9 : 1 for Ar : O 2 ), and the dc power was maintained at 80 W (power density: 1.75 W/cm 2 ) during the sputtering. The Mo source-drain electrodes were deposited under the same conditions as the gate electrode. During the source-drain electrode definition by photolitho- graphy and etching it may be possible for the surface of the channel layer to be damaged. The process conditions were optimized to minimize the etching damage, but further work is necessary to prevent etching damage by further modifying the process conditions and/or adopting new device structures. Finally, a 200-nm-thick SiO x film was deposited for the passivation. In this case, the same deposition conditions as for gate insulator deposition were used, but the substrate temperature was 150 C. The electrical properties of the fabricated devices were examined using an Agilent 4156C semiconductor parameter analyzer under ambient conditions at 60 C. The bias stress was applied under the conditions of gate bias (V G ) of À20 V and drain bias (V D ) of 10 V from 0 to 11,000 s. During the bias stress experiments, the device was back-illuminated using an optical source (white light with a light intensity of 20,000 cd/m 2 ) 15) in order to determine the influence of the optical illumination instability. The optical properties of the HIZO films were examined by ultraviolet-visible (UV-vis) spectroscopy.
Results and Discussion
Figure 1(a) shows the schematic device structure. The bottom gate/top contact structured TFTs were fabricated using active layers with different Hf compositions. The photograph of the TFT device used for electrical characterization is shown in Fig. 1(b) . The width and the length of the TFT channels were 25 and 5 m, respectively. The differences in the compositions of the thin films and the targets are summarized in Table I . In the targets, the composition only changed with respect to the Hf content, and the molar ratio of In and Zn was fixed at 1 : 1. The ICP-MS analysis confirmed that the Hf content almost linearly increased in the thin film following the Hf composition in the targets, but the In composition negligibly changed in the thin films as well as in the targets. On the other hand, the Zn composition gradually decreased as the Hf content increased. From the results, it is thought that Hf could preferentially replace Zn, whereas In was not influenced by Hf concentration in the deposited thin films. To clarify the details of the mechanism behind the Hf replacement of Zn, further study by structural and chemical bonding analyses should be carried out. Figure 2 shows the transfer characteristics of HIZO TFTs with three different Hf contents. Regardless of the Hf content, the TFT devices exhibited good transfer characteristics with high mobility, low subthreshold swing ($0:48 V/decade), and high on-off ratio in their initial states. The electrical properties greatly varied depending on the HF content in the HIZO TFTs. The devices were subjected to a negative gate bias stress (V gs ¼ À20 V, V ds ¼ 10 V) as well as photoillumination (brightness of 20,000 cd/m 2 of white light). The devices were exposed to white light from the light emitting diode backlight unit equipped with the device characterization system. 15) Notably, this condition was very severe compared with the normal illumination conditions of OLEDs (normally 300-500 cd/m 2 ). 13) Additionally, the negative bias stress condition is very important in productlevel display applications, because switching TFTs are subjected to the negative gate bias condition (''off'' state in an n-type transistor) during the majority of the operation time.
13) The TFTs with lower Hf contents exhibited excellent electrical properties in their initial state with a high fieldeffect mobility of 13 cm 2 V À1 s À1 (at V gs ¼ 20 V, V ds ¼ 10 V) as well as a low subthreshold swing/high on-current. However, a severe transfer curve shift in the negative bias direction was observed, as shown in Fig. 2(a) , as the exposure time increased for negative bias-illumination stress. On the other hand, when the Hf content increased, the electrical properties of the initial state were worse than at lower Hf contents, but the stability was excellent even under the severe stress condition [ Fig. 2(c) ]. For moderate Hf contents, the electrical properties and the stability characteristics were intermediate between those in the cases of the lower and higher Hf contents, as shown in Fig. 2(b) . Figure 2(d) shows the variations in the field-effect mobility and the threshold voltage shifts as functions of Hf content in the active layer of the TFT. The threshold voltage was defined as the gate voltage at a drain current of 1 nA. In this figure, better electrical properties are seen at lower HF contents, and higher Hf contents result in better stability. Actually, the stability was considerable for the TFTs with higher Hf contents. The threshold voltage shift was less than 2 V. Additionally, these results provided important circuit design parameters that show the trade-off between the mobility and stability. Thus, Hf played a very important role in determining the electrical properties and stability of the TFTs. There is a possibility that Zn content variation can also influence the electrical properties and reliability of HIZO TFTs, since there is a reduction of Zn content corresponding to the increase in Hf content. When the In/Zn ratio was systematically changed in HIZO TFTs, better stability was found in Zn-rich HIZO TFTs in the previous study. 16) In our result HIZO TFTs with higher Hf contents (i.e., lower Zn contents) showed better stability than HIZO TFTs with lower Hf contents (i.e., higher Zn contents). Thus, it is reasonable to conclude that Hf content variation has more impact on the NBIS stability. On the other hand, there is a possibility that the channel layer can be damaged during the source/drain definition since the fabricated TFT devices do not employ the etch stopper.
17) It is noted, however, that in our experiment, all the devices were made by the same device fabrication processes except for the composition of channel layers, so the degree of damage on the channel layers of devices should all be similar. In terms of the passivation layer, the lowtemperature (150 C)-deposited SiO x was used for device passivation in our experiment. It is reported that the electrical properties can be influenced by the passivation materials and deposition temperatures. 18) Higher deposition temperature can improve the quality of passivation layers, but may result in reduction of the amorphous oxide channel layer during the high-temperature processes in hydrogencontaining plasma ambient. 19) Thus, a low-temperaturedeposited passivation layer was used in our experiment. Further research is under way to investigate the dependence of NBIS stability on to the deposition temperature of passivation layers and the use of an etch stopper. Finally, the initial V th of each sample showed slightly different values depending on the composition of channel layers of HIZO TFTs. The initial V th can be influenced by many factors including device structures and process parameters. Here, we changed only the compositions of HIZO channel layers in TFTs all fabricated by the same process and with the same device structures. The NBIS stability was measured from the relative change in V th before and after NBIS tests, so the comparison is thought to be valid.
The optical properties of the HIZO thin films were measured by UV-vis spectroscopy. For these measurements, the HIZO thin films were deposited on the glass substrates at different HF content using the same process conditions as were used to deposit the HIZO thin films of the TFT devices. Figure 3 (a) confirmed that the HIZO thin films were almost transparent in the visible region with a high transmittance of over $80%. The optical band gap of HIZO was extracted from the transmission spectra. The absorption edge for the direct interband transition satisfies the equation, ðhÞ ¼ Aðh À E g Þ 1=2 , where A is a constant for direct transition, and is the optical absorption coefficient.
20) The optical energy gap (E g ) was inferred from the plot of 2 ðhÞ versus h, where values of 2.86 and 3.15 eV were obtained with 7.5 and 12.1 at. % Hf, respectively, in Fig. 3(b) . The changes in the optical band gap with respect to the Hf content were explained by the Burstein-Moss (BM) shift. [21] [22] [23] According to the BM effect, the broadening of the optical band gap (ÁE g ) is proportional to n 2=3 , where n is the carrier concentration. The electron concentration was expected to increase when Hf was incorporated into In-Zn-O because the Hf atoms had two more electrons than Zn. 21) However, a previous report showed that the carrier concentration decreased with increasing Hf content. 11) In this study, the Hf content increased with decreasing Zn content, while the In content remained almost unchanged. Thus, Zn is thought to be preferentially replaced by Hf in HIZO thin films. It is well know that oxygen vacancies in AOS can be a source of carriers. 4, 24) Thus, the electron concentration can be lowered by replacing Zn with Hf since Hf 4þ ions have a higher binding energy with oxygen, 11, 12, 25) so Hf incorporation can beneficially reduce the oxygen vacancies in ZnO-based AOS. It is, however, very important to measure the mobility and carrier concentration of the HIZO films by Hall measurement to gain direct evidence of the above hypothesis. Further study is under way to measure those properties of the HIZO films as functions of Hf incorporation content. Additionally, the X-ray photoelectron spectroscopy study is currently being carried out in order to investigate the electronic bonding states of the HIZO thin films. The nature of the bond between Hf and oxygen can provide a clue for further understanding the behavior of the mobility as well as the bias stress instability. Additionally, a detailed optical study using luminescence spectra must be carried out in order to understand the band structure of HIZO. Overall, the fabricated TFTs exhibited excellent stability as well as good electrical properties suitable for current and future highperformance display device applications.
Conclusions
We proposed a method of fabricating high-performance transparent HIZO TFTs with improved stability. Hf played an important role in determining the negative bias-illumination instability. The HIZO TFTs exhibited excellent stability after the process parameters were optimized. HIZO can be processed at low temperatures on 6-in. glass wafers, so this material is a good candidate for replacing the current amorphous or polycrystalline silicon in TFTs. It is, however, required to confirm the processability and electrical properties of HIZO TFTs on a large scale, for example, on real display panels, to enable possible applications to productlevel displays. Furthermore, HIZO can be adopted in novel applications, such as transparent electronic devices in the near future.
